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Abstract 
Site-directed mutagenesis studies identifying residues important to energy transduction i  the sarcoplasmic reticulum Ca z +-ATPase are 
reviewed. Mutations blocking the crucial ElP to E2P transition are located in the small and the large cytoplasmic domains, in the stalk 
segment $4 linking transmembrane s gment M4 with the catalytic site, as well as in transmembrane segments M4 and M8. Mutations that 
block the dephosphorylation of the E2P phosphoenzyme intermediate are located in transmembrane segments M4, M5, and M6, i.e., in 
the same domain as the Ca 2 +-binding sites. Removal of the sidechain of  Tyr 763 located at the boundary between transmembrane segment 
M5 and the corresponding stalk segment $5 linking M5 with the catalytic site leads to uncoupling of ATP hydrolysis from Ca 2+ uptake. 
Uncoupling may be due to effiux through the CaZ+-ATPase of Ca 2+ that has been transported, and may thus be caused by a defective 
gating process in the late part of the catalytic cycle. A nearby located residue Lys 758 is also involved in energy coupling, since its 
substitution with Ile activates dephosphorylation at high pH and slows the E2 to El transition. 
Keywords: Membrane transport; Mutant; Calcium-transporting ATPase; Uncoupling; Energy transduction; Conformational change 
1. Introduction 
The Ca2+-ATPase of sarcoplasmic reticulum (SR 
Ca2+-ATPase) constitutes a prime example of a membrane 
protein mediating the energy transduction associated with 
active transport. This ATPase is made up from identical 
l l0 kDa peptide chains being functional as monomers as 
well as in the form of smaller oligomers [1]. It belongs to 
the ion-translocating ATPases of P-type, in which the 
hydrolysis of ATP is coupled to vectorial transport through 
formation of an acid-stable phosphoryl aspartyl enzyme 
intermediate. This phosphoenzyme intermediate xists in 
two different functional states, E1P and E2P, whose inter- 
conversion is essential to energy utilization [1,2]. The 
cDNAs encoding the SR CaZ+-ATPase of fast twitch 
muscle (SERCAI) and related isoforms from other tissues 
have been cloned and expressed to relatively high levels in 
COS-1 cells. Analysis of the amino acid sequence along 
with extensive site-directed mutagenesis and affinity la- 
belling studies have concurred in a structural model in 
which the Ca2+-binding region is located within a cluster 
of putative transmembrane a-helices, while the catalytic 
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ATP-binding site is made up from residues in the cytoplas- 
mic domains located more than 40 A from the Cae+-bind - 
ing residues (see Fig. 1) [3-6]. Hence, the energy coupling 
between scalar and vectorial reactions seems to require 
long-distance communication between the cytoplasmic and 
membranous parts of the pump protein through conforma- 
tional changes. The presence in the Ca2+-ATPase of dis- 
tinct structural entities associated with ATP binding and 
Ca 2+ binding, respectively, has recently been confirmed 
by studies of chimeric fusion proteins (for an overview, 
see Ref. [6]) and seems comparable to the association of 
ATPase activity with the F~ part and of the ion channel 
activity with the F 0 part of H +- and Na+-transporting 
ATPases of F-type. The existence of a structure with 
channel-like properties in the transmembrane s ctor of the 
SR Ca2+-ATPase has been suggested on the basis of the 
demonstration of a passive Ca 2+ leak out through the 
pump protein in CaZ+-loaded sarcoplasmic reticulum vesi- 
cles under certain experimental conditions [7,8]. According 
to the view emerging from these and related studies (see 
for instance Ref. [9]), transport ATPases would be compa- 
rable to channels equipped with locks and gate controls. 
The conformational changes in the membrane sector of the 
protein needed for transfer of the ions across the mem- 
J.P. Andersen, T. SOrensen / Biochimica et Biophysica Acta 1275 (1996) 118-122 119 
brane might thus be rather limited, since they would serve 
only to move the position of the energy barriers, thereby 
allowing the ions to diffuse by themselves most of the way 
through the protein (Fig. 2A). This is opposed to the 
carder type of model in which the ions are translocated by 
way of large movements of their binding sites (Fig. 2B). 
However, even if a channel-like structure provides for the 
passage of the ions through the membrane, the energy 
utilization and signal transmission controlling the gating 
process might involve a considerable conformational rear- 
rangement in the cytoplasmic part of the protein, as sug- 
gested in case of the F-type ATPases [10]. 
To be able to elucidate in more detail the molecular 
events associated with energy transduction in the SR 
Ca2+-ATPase, we are currently engaged in a long-term 
project studying structure-function relationships by use of 
mutagenesis analysis to identify the roles of the individual 
amino acid residues in this protein [6]. In the present 
Fig. 1. Structural model of the SR Ca2+-ATPase (SERCA1 isoform) with ten transmembrane a-helices (M) and five stalk helices (S) [4,5]. Mutations 
discussed in this article are indicated by hatching of the symbols representing the altered residues. (A) Hatched symbols: mutations blocking the E1P to 
E2P transition. The filled symbols indicate residues that are critical to Ca 2÷ occlusion [3,6], showing the location of the Ca 2÷ binding domain. T l and T 2 
indicate tryptic cleavage sites. (B) Hatched symbols: mutations blocking the dephosphorylation f E2P. 
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Fig. 2. Simplified model illustrating two different principles for ion 
translocation across a membrane. (A) Diffusion through a gated channel- 
like structure. (B) Moving carrier involving large protein conformational 
changes in the membrane domain. 
paper, we describe mutants that are defective in conforma- 
tional changes associated with phosphoenzyme processing 
and the coupling of this event to Ca 2+ translocation. 
2. E1P type mutants 
During the functional cycle (Fig. 3), the Ca2+-ATPase 
takes up two calcium ions from the cytoplasm. Following 
phosphorylation from ATP, these calcium ions are nor- 
mally retained in an occluded state without direct access to 
the medium on either side of the membrane (indicated by 
brackets in Fig. 3 and by the presence of the ion inside the 
lock of the channel-like structure in Fig. 2A) [3]. The 
phosphoenzyme intermediate containing occluded Ca 2+, 
which is ADP sensitive ('high-energy'), i.e. able to donate 
the phosphoryl group back to ADP forming ATP, is de- 
noted E1P. In a relatively slow step determining the over- 
all Ca 2+ pumping rate under physiological conditions, the 
EIP phosphoenzyme intermediate relaxes (probably 
through a number of transient intervening states) to the 
E2P form, which displays low affinity for Ca 2+ and is 
ADP insensitive ('low energy'), i.e. unable to react with 
Cytoplasmic side 
Ca 2+ Ca 2+ 
E1 ¢ ~. L ~ Ca2E, 
; 
E= [C~] E~P 
E2P ~ f f • Ca2E2P 
Ca 2* Ca 2÷ 
Luminal side 
Fig. 3. Reaction cycle of the Ca2+-ATPase modified from Ref. [2] to 
indicate the occluded state (by brackets) of Ca 2+ in E1P. 
ADP forming ATP. In E2P, but not in E1P, the aspartyl 
phosphoryl group can react with water liberating P~. At 
low temperature, the loss of ADP sensitivity and the 
release of Ca 2÷ from the phosphoenzyme at the luminal 
surface occur simultaneously [3,11], as would be expected 
if both were caused by the same conformational rearrange- 
ment involving the catalytic site as well as the transmem- 
brane protein domain. Furthermore, the finding that the 
E1P to E2P transition is associated with a change in the 
rate of tryptic cleavage at the T2 tryptic cleavage site in 
the smaller cytoplasmic domain (Fig. 1) [1 1] is in line with 
the hypothesis that the conformational change in the Ca 2 ÷ 
binding domain which releases Ca 2+ is part of a more 
extensive conformational rearrangement. 
Mutagenesis analysis has pinpointed several residues 
that are crucial to the EIP to E2P transition [12-19]. 
Mutations to the residues shown by hatched symbols in 
Fig. 1A give rise to a significant block of the E1P to E2P 
transition with resulting accumulation of the phosphoen- 
zyme in the ADP-sensitive form ( 'E IP  type mutants'). In 
mutants with alterations to Gly 233 in the smaller cytoplas- 
mic domain [12] or Pro 3i2 in transmembrane s gment M4 
[13], the phosphoenzyme was found to be stable and 
ADP-sensitive for minutes following the addition of EGTA 
in the presence of Ca 2+ ionophore to remove non-oc- 
cluded Ca 2+. This indicates either that Ca 2+ was retained 
in the occluded state for an unusual long time in these 
mutants (no occurrence of translocation or opening of the 
luminal gate of the channel), or that signal transmission 
between the Ca 2+ sites and the catalytic site was abolished 
so that the phosphoenzyme r mained ADP-sensitive and 
unable to liberate Pi despite the occurrence of dissociation 
of bound Ca 2 +. As seen in Fig. 1A, the mutations blocking 
the E1P to E2P transition are scattered over various do- 
mains and subdomains, encompassing the small and the 
large cytoplasmic domains, the stalk segment $4 linking 
transmembrane segment M4 with the catalytic site, as well 
as transmembrane segments M4 and M8. Thus, these parts 
of the peptide may all be involved in conformational 
changes associated with the E1P to E2P transition. The 
fact that mutations in transmembrane s gments affect the 
reactivity of the phosphoryl group in the catalytic site 
illustrates very clearly how crucial long-distance ffects 
are to the catalytic mechanism. As judged from the loca- 
tion at the top of M4 of the crucial proline Pro 3~- and of 
several other residues involved in the EIP to E2P transi- 
tion in the $4 stalk segment, the latter is likely to play a 
pivotal role in the transmission of signals between the 
catalytic site and the transmembrane s ctor. A rotation or 
tilting of M4, elicited by a movement of the $4 stalk 
connection, might thus form a central element in the gating 
process releasing Ca 2+ at the luminal side of the mem- 
brane [13]. At the same time, the movement of the $4 stalk 
connection might be essential to the change in the catalytic 
site that confers loss of ADP sensitivity and ability of the 
aspartyl phosphoryl group to react with water. 
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3. E2P type mutants 
Fig. 1B shows by hatched symbols residues whose 
substitutions have given rise to a block of the dephospho- 
rylation of the E2P phosphoenzyme intermediate with 
resulting accumulation of E2P ('E2P type mutants', cf. 
Fig. 3) [20-26]. These residues are all located in trans- 
membrane segments M4, M5, and M6 far away from the 
catalytic site where the dephosphorylation ccurs, and 
some of them are identical to residues shown to be in- 
volved in Ca 2÷ binding [6]. The residues whose substitu- 
tion result in E2P type mutants are crucial to the long-range 
signal transduction from the ion transport sites to the 
catalytic site. They may mediate conformational changes 
elicited by the dissociation of Ca 2+ at the luminal side of 
the membrane (or by the binding of protons to be counter- 
transported [27]), or they may participate directly in the 
gating processes associated with the events at the ion 
binding sites. 
4. Residues at the M5S5 boundary with a central role 
in energy coupling 
Uncoupling may be defined as a situation in which ATP 
is hydrolyzed without a corresponding accumulation of 
Ca 2+ in the microsomal vesicles. To be non-trivial, uncou- 
pling should be 'intra-molecular' [28], i.e., should reflect 
properties of the ATPase protein itself and not an in- 
creased Ca 2÷ permeability of the membrane lipid phase. 
Intra-molecular uncoupling has apparently been observed 
following various chemical modifications of the protein or 
incubation of the microsomal membranes at unusual high 
or low pH values [28-30]. Moreover, reversible binding of 
various hydrophobic drugs [7,8] as well as arsenate [31] or 
heparin [32] promote efflux through the Ca2+-ATPase 
protein of Ca z + that has been transported, thereby creating 
a situation in which net Ca 2÷ uptake is abolished. These 
compounds seem to have in common the ability to bind to 
the E2 form in competition with Pi. The Ca2+-ATPase also 
becomes partially uncoupled when the intravesicular Ca 2÷ 
concentration rises during active Ca 2÷ uptake in the mi- 
crosomal vesicles. Again this seems to be due to an 
increase in Ca 2÷ efflux through the pump protein (inhibi- 
table by the presence of Pi and dimethylsulfoxide promot- 
ing phosphorylation f the E2 form in steady state) [33-35]. 
Recently, the Ca2+-ATPase has been shown to be un- 
coupled by the mutation Tyr 763 --9 Gly [25] located at the 
boundary between transmembrane s gment M5 and the 
corresponding stalk segment $5 connecting M5 with the 
catalytic site (Fig. 4). The Tyr  763 ---> Gly mutant catalyzes 
Ca2+-activated ATP hydrolysis activity without any mea- 
surable accumulation of Ca 2 ÷ in the microsomal vesicles, 
and the ATP hydrolysis was found to take place through 
formation of a phosphorylated intermediate which like that 
of the wild-type Ca2+-ATPase could be predominantly 
ADP sensitive or ADP insensitive, depending on the com- 
position of the medium with respect o pH, alkali metal 
ions, and Mg 2+. In addition, we have found that Ca 2÷ 
occlusion stabilized with CrATP is intact in the uncoupled 
mutant [6]. Therefore, the leakage of Ca 2 ÷ appears not to 
be associated with a defective Ca 2+ occlusion in the EIP 
Fig. 4. Structural model similar to that shown in Fig. 1 with indication by hatching of residues Lys 758 and Tyr 763 located at the M5S5 boundary of the 
Ca2+-ATPase. Mutation Lys 758 ~ Ile activates dephosphorylation at alkaline pH and blocks the E2 to E1 transition. Mutation Tyr 763 ---> Gly uncouples 
ATPase activity from Ca 2÷ transport. 
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form, but is more likely associated with a later step in the 
cycle. One possibility is that the large aromatic side chain 
of Tyr 763 is needed to maintain the cytoplasmic gate to the 
transport sites closed, after the luminal gate has opened in 
the E2P/E2 forms [6]. 
Fig. 4 also high-lights the residue Lys 7s8. We have 
recently found that replacement of this residue with Ile 
results in a mutant Ca>-ATPase whose functional be- 
haviour shows several features in common with mutant 
Tyr 763 ~ Gly [6]. Hence, for mutant Lys 758 ~ Ile the addi- 
tion of Ca 2+ ionophore to make the microsomal vesicles 
leaky and thereby relieve back-inhibition by accumulated 
Ca 2+ did not enhance the rate of ATP hydrolysis. The 
analogous finding with mutant Tyr 763 -+ Gly could easily 
be explained by the inability of the latter mutant to accu- 
mulate Ca 2+ [25]. However, we now report that contrary 
to mutant Tyr 763 ----~ Gly, mutant Lys 758--~ Ile is able to 
accumulate Ca 2÷ in the presence of oxalate to precipitate 
lumenal Ca 2+, but a very slow E2 to E1 transition is rate 
limiting in mutant Lys 758 --~ lie. Hence, the lack of rate 
enhancement by ionophore can be explained solely by the 
fact that rate limitation is no longer imposed by the E1P to 
E2P transition, the step being sensitive to high lumenal 
Ca 2÷. It is also possible that Ca 2÷ is leaking out through 
the mutant Ca2+-ATPase stabilized in the E2 form. This 
would be equivalent o the Ca z÷ efflux induced with some 
of the above mentioned uncoupling agents [7,8,31]. An- 
other interesting feature of mutant Lys 758 --~ Ile is that it 
dephosphorylates rapidly at pH 8.35. This high pH is 
inhibitory to the dephosphorylation of the wild-type Ca 2 +- 
ATPase. We suggest that a salt-bridge formed between 
Lys 758 and a negatively charged side chain is crucial to 
conformational changes involved in both the E2P dephos- 
phorylation and the E2 to El transition. 
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